Two-dimensional (2D) materials have attracted intense attention in photonics and optoelectronics for their excellent nonlinear characteristics and are applied for the generation of laser pulses. Here, an active-passive Nd:GdVO 4 1.3 μm laser is realized by using an acousto-optic modulator and gold nanobipyramids absorber. The pulse width of 150.5 ns is obtained in the doubly Q-switched laser. The compression ratio and enhancement time are 82.6% and 16. The doubly Q-switched technology compresses the pulse width, improves the peak power, and stabilizes the pulse, illustrating that double modulation technology opens the door of controllable ultrafast lasers based on 2D materials.
A diode-pumped pulse laser for 1.3 μm has been applied to plenty of practical applications, such as remote sensing and air monitoring [1] [2] [3] [4] [5] [6] . Actively Q-switched technologies and passively Q-switched (PQS) technologies are two traditional methods to obtain a pulse laser [7] [8] [9] [10] [11] [12] [13] [14] [15] . There are some ways to realize active Q-switching such as the acousto-optic modulator (AOM), and saturable absorber (SA) inserted into a resonator can achieve passive Q-switching. PQS lasers have the advantages of fast response and simple structure, but the great pulse fluctuation becomes the obstacle of the development of the PQS laser [16] . For active Q-switching, it has stable and controllable pulse trains, but the pulse width is wider than the PQS laser [16] . To exert the advantages and avoid the disadvantages of these two technologies, the combination of actively Q-switched technologies and PQS technologies, so-called doubly Q-switched (DQS) technologies, is achieved. The first DQS technology is obtained by using a spinning mirror and saturable dye [17] . Up to now, the DQS technologies can compress the pulse width, improve the peak power, and obtain a singly symmetric pulse in comparison with singly active or PQS technologies [16, [18] [19] [20] [21] [22] [23] [24] . DQS technologies at the output wavelength of 940 nm, 1.0 μm, and 2.0 μm have been studied [16, 18, 21, 22, 25] . For the wavelength of 1.3 μm, the DQS laser with AOM and V 3þ -doped yttrium aluminum garnet (V 3þ :YAG) was reported [23, 24] . In 2018, the DQS laser by using Co 2þ :MgAl 2 O 4 and AOM was also researched [26] . In recent years, novel SAs extensively promote the development of the pulse laser, including nanometer materials [27] [28] [29] [30] and graphene [31, 32] . For example, graphene has enabled ultrashort pulse generation in lasers as a passive all-optical modulator for broadband saturable absorption and excellent nonlinear effects. Because of the characteristics of broadband absorption and great third-order nonlinear coefficient (10 −5 -10 −6 esu) [33, 34] , gold nanomaterials are attended. The third-order nonlinear coefficient of gold nanobipyramids (Au-NBPs) is larger than that of graphene. As one of member of gold nanomaterials, the Au-NBPs have a variable surface plasmon resonance (SPR) peak, which can be controlled by the aspects of the materials; the advantage is mainly different from the SAs mentioned in the preceding text [35] [36] [37] [38] . Adjusting the extension ratio of Au-NBPs, the response peak will change in the range from the visible region to the nearinfrared region. In 2016, the PQS lasers based on the Au-NBPs were reported in the near-infrared region [39] [40] [41] . These researches illustrate that the Au-NBPs are a potential SA and can be used for the generation of a pulse laser. However, as far as we know, relevant research is hardly reported about the 1.3 μm DQS laser with AOM and Au-NBPs.
In this Letter, the diode-pumped DQS laser with the AOM and Au-NBPs is first, to the best of our knowledge, realized. The pulse characteristics of singly PQS and DQS lasers are measured. A pulse laser with stable repetition rate and short pulse width is obtained in the DQS laser, suggesting that the pulse qualities are improved relative to the singly PQS laser.
The Au-NBPs were prepared through seed-mediated grown methods, as shown in Fig. 1(a) . With regards to the seed solution, 1% HAuCl 4 (50 μL) and 1% cirtrate (74 μL) were put into pure water, which was stirred for 1 min. Then, 0.01 M (1 M = 1 mol/L) ice NaBH 4 (150 μL) was dropped into the seed solution, which was stirred for 1 min. For the grown solution, cetyltributylammonium bromide (0.01 M, 28.5 mL), gold chloride acid (0.01 M, 1.2 mL), AgNO 3 (0.01 M, 60 μL), and 0.1 M ascorbic acid (0.4 mL) were mixed. Finally, the seed solution (30 μL) was added into the grown solution. The mixed solution was heated in an oven maintained at 65°C for 10 h to get Au-NBPs. The transmission electron microscope (TEM) images of the Au-NBPs are depicted in Figs. 1(b) and 1(c), suggesting that the Au-NBPs were successfully fabricated. The absorption peak of the Au-NBPs is located at the wavelength of 1260 nm, as shown in Fig. 1(d) .
We established a V-shaped folded cavity with a length of 203 mm to generate short pulse lasers, as shown in Fig. 2 . Simulating the spot radius by the ABCD matrix in the gain medium and SA close to the output coupling, the radius is estimated to be 210 and 100 μm, respectively. The cavity design is beneficial to weakening the thermal lens effect and improving the pattern matching. The V-shaped folded cavity consists of M1 (R ¼ ∞), M2 (R ¼ 100 mm), and M3 (R ¼ ∞) gain media. The plane mirror M1 and the concave mirror M2 have high-reflection (HR) coating for 1342 nm. M2 has high-transmittance (HT) coating for 808 nm. The plane mirror M3 with 4% transmittance for 1342 nm acts as the output coupler.
Nd:GdVO 4 acts as the gain medium. The size of Nd:GdVO 4 is 4 mm × 4 mm × 9 mm, and the two end surfaces of the gain medium have anti-reflection (AR) coating for 808 and 1342 nm. The Nd:GdVO 4 is wrapped by silver foil mounted at a copper block. A water cooler maintained at 15°C was used to move the heat. It was pumped by a fiber-coupled laser diode with a center wavelength of 808 nm to improve conversion efficiency. The beam was collimated to reduce dispersion and then focused on the gain medium by a coupling system of 1:1; there was a spot of 200 μm on the Nd:GdVO 4 . The AOM (26th Institution, CETC, China) and the Au-NBPs acted as the active element and SA, respectively. The nonlinear curve of the adopted Au-NBPs (the modulation depth of 10% and saturable optical intensity of 750 mW∕cm 2 ) has been reported in our previous work [41] . The output laser was measured by a digital oscilloscope (Tektronix DPO 4104, USA).
Firstly, we carefully adjusted the cavity to obtain maximum continuous wave power, insuring that the V-shaped cavity kept optimum conditions. Then, after inserting the near-infrared quartz plate coated with Au-NBPs, a singly PQS laser is realized by finely tuning the position of the quartz plate. In Fig. 3 , it shows pulse characteristics as a function of the absorbed pump power. Under the absorbed pump power of 4.2 W, the maximum average output power is 160 mW, as shown in Fig. 3(a) . The pulse is stable in the absorbed pump power ranging from 2.9 to 4.1 W. In Fig. 3(b) , the pulse width decreases with the augmentation of the absorbed pump power. The shortest pulse duration is 862 ns, namely, the repetition rate is 74.5 kHz. The pulse width of several hundred nanoseconds can be attributed to the long cavity length. If the absorbed pump power is further increased, the pulse will become unstable. Therefore, we reduce the absorbed pump power to zero to protect the Au-NBPs. Repeating this experiment again (from 2.9 to 4.1 W), the stable Q-switched laser is still obtained. It suggests that the Au-NBPs are not damaged.
After finishing the PQS laser, the DQS laser is realized by inserting the AOM. Figure 4 depicts pulse characteristics as functions of the absorbed pump power. It is clear that the output power of 97 mW and the laser threshold of 2.7 W are obtained at the modulation frequency of 30 kHz, as shown in Fig. 4(a) . Compared with the PQS laser, the DQS laser has a lower output power and a higher threshold. This phenomenon results from the insertion of the AOM, leading to more losses. The lasers operate at 1.3 μm, as depicted in the inset of Fig. 3(b) . In Fig. 4(b) , the shortest pulse duration is 150.5 ns in the DQS laser at the modulation frequency of 10 kHz. The obtained pulse width is shorter than in the previous work using the same SA [41] . Obviously, the pulse width is generally compressed in the DQS laser. At the low modulation frequency, the intracavity population has a longer time to accumulate, leading a shorter laser pulse being obtained. So, the pulse width becomes wider with the increase of the modulation frequency of the AOM. Peak power is also another important parameter for laser pulses, which can be calculated by the known parameters. In Fig. 5 , the calculated peak power is depicted for the PQS and DQS lasers. Obviously, the peak power is improved in the dual-loss modulation. Under the condition of the absorbed pump power of 4.1 W and the modulation frequency of 10 kHz, the peak power is 39.2 W.
As mentioned above, the pulse width is compressed in the DQS laser when compared with the single PQS laser. In order to describe the degree of the narrowing of the pulse width, a compression ratio t c is defined as t c ¼ ðt s − t d Þ ∕t s , where t s and t d are the pulse duration of the PQS and DQS lasers, respectively. Table 1 shows the compression ratio t c at different acousto-optic modulation frequencies of the DQS laser under the same absorbed pump power. The maximum compression ratio of 82.6% is obtained under the modulation frequency of 10 kHz. An enhancement time P i is defined to illustrate the improvement of peak power in the DQS laser. P i ¼ ðP d − P s Þ ∕P s , where P d and P s are the peak power of the DQS and PQS lasers, respectively. In Table 1 , the enhancement times at the different modulation frequencies are shown at the absorbed pump power of 4.1 W. The maximum enhancement time is 16 at the modulation frequency of 10 kHz.
The pulse profiles and pulse trains for PQS and DQS lasers are demonstrated in Fig. 6 . The obtained pulse widths of PQS and DQS lasers (74.5, 10, 20, and 30 kHz) are 862, 150.5, 207.2, and 438 ns, respectively. We know that the pulse width is directly proportional to the cavity time constant τ c according to τ c ¼ 2 L∕cðT þ δÞ [18] , where T is the transmission of output coupler, δ is the round-trip loss, and L and c represent the cavity length and the speed of light, respectively. The inserted Au-NBPs lead to an extra loss to shorten the pulse width in the DQS laser. In Fig. 6(a) , the pulse fluctuation is 10.6%, indicating the pulse is not fully stable. The pulse trains are stable [ Figs. 6(b), 6(c), and 6(d)] , and the repetition rate is equal to the modulation frequency of the AOM. The phenomenon is related to the time of the buildup of a pulse. The pulse repetition rate of passive Q-switching is about 74.5 kHz, which indicates that a single laser pulse takes 13 μs to establish. For double Q-switching, the modulation frequency of the AOM (10, 20, and 30 kHz) is smaller than the repetition rate of passive Q-switching. The buildup of a pulse needs more time to generate in the DQS laser. Thus, the repetition rate of the double Q-switching corresponds with the modulation frequency of the AOM.
In conclusion, the Nd:GdVO 4 1.3 μm laser is first, to the best of our knowledge, achieved by using the AOM and Au-NBPs. The pulse width is shorter, the peak power is greater, and the pulse is more stable in the DQS laser. Moreover, the compression ratio and the enhancement time are 82.6% and 16. The DQS technologies have a good advantage of application in ultrafast lasers due to their short pulse width, high peak power, and controllable repetition rate. If the 2D materials and cavity are further optimized, the pulse characteristics will be better.
